ABSTRACT:
Joints simulating typical connections of GWB sheathed walls were subjected to reversed cyclic loading. Three different empirical models were analyzed for the purpose of determining the most appropriate fastener slip equation. The power model was used to develop the fastener slip equations, for nails and screws, as a function of GWB density and fastener diameter. The accuracy of the developed fastener slip model is validated against full-scale shear wall tests. The predictive models seem to be able to replicate the wall behaviour with reasonable accuracy until ultimate capacity. The results show a reasonable agreement between the model prediction and those obtained from the shear wall tests. The model perdition of for shear walls constructed with low fastener spacing is less accurate. This result was expected since the small fastener spacing D r a f t
INTRODUCTION
Gypsum wallboard (GWB) is the technical product name referring to a board composed of gypsum core and paper facing; a product commonly referred to as drywall. It is one of the primary building materials used in the construction of walls, ceilings, and partitions, and is typically manufactured to meet the requirements in the ASTM 1396: Standard Specification for Gypsum Board (ASTM 2013a).
GWB can occasionally be relied upon to resist lateral loads, such as those caused by wind or earthquakes, by using it as sheathing material in shear walls. Light frame wood shear walls typically consist of sheathing panels which are fastened to the timber framing. The most common framing consists of spaced wall studs secured by top and bottom plates. Shear walls can be sheathed with panels of plywood, oriented strand board (OSB), or gypsum wallboard (GWB).
When a shear wall is loaded in its plane, the joint between the sheathing and framing is loaded in shear. Deformation in a shear wall occurs in the fastener slip, compression and bending of framing members, in-plane shear deformation of sheathing panels, and rigid-body rotation of the wall due to elongation in the hold-down. The fasteners between the sheathing and the framing elements significantly contribute to the overall wall deformation and establishing the load-slip behaviour of various fasteners using in shear wall construction is very important in order to describe their behaviour adequately.
Equation (1) is used to obtain the static deflection at the top of a shear wall segment with woodbased panels used as sheathing (CSA 2014) .
where ‫ݒ‬ ௦ is the applied shear force at the top of the wall per unit length (N/mm), ‫ܪ‬ ௦ is the height of the shear wall (mm), ‫ܤ‬ ௩ is the Shear-through-thickness rigidity of sheathing (N/mm). ‫ܧ‬ is the modulus of elasticity of end studs (MPa), ‫ܣ‬ is the cross-sectional area of end studs (mm 2 ), ‫ܮ‬ ௪ is the length of shear wall (mm), ∆ is the total vertical elongation of the wall anchorage system (mm), and ݁ is the fastener slip (mm).
The fastener slip will be the focus of the current study. It is particularly important to be able to describe the initial behaviour of any fastener used in light frame wood shear walls since this component is notoriously difficult to estimate due to the non-linear behaviour of the joint.
Knowledge about the stiffness of wood shear walls is crucial for the purpose of load distribution, building period estimation and drift calculations. In typical light-frame wall construction the GWB panels are fastened directly to wall elements and can therefore have a significant influence on the overall response of wood frame structures. Underestimating the stiffness of the shear walls, by omitting the contribution of GWB, can lead to an overestimation of the building period, which in turn underestimates the base shear. Currently, no suitably calibrated method is available to estimate the in-plane stiffness of walls with GWB, whether the GWB panels are intentionally considered to contribute to the strength of the lateral load resisting system or simply used as finishing material. The Canadian and American wood design codes (CSA 2014; NDS 2012) currently have provisions to determine the deflection of shear walls sheathed with wood-based panels (plywood and OSB).
There have been numerous tests performed on full-scale shear walls sheathed with wood-based panels. Relatively few tests have been conducted on GWB sheathed shear walls, but the amount has been substantial enough to provide information on failure modes, ductility and peak strength for different specimen configurations (Wolf 1983; Zacher and Gray 1985; Oliva 1990;  D r a f t 5 Karacabeyli and Ceccotti 1996; McMullin and Merrick 2002; Dolan 1992; Seaders et al. 2009; Memari and Solnosky 2014; Chen et al. 2016) . Most of the tests provide results on shear wall capacity and stiffness but do not propose any stiffness models to estimate shear wall stiffness.
The provisions to determine the deflection of GWB sheathed shear walls available in design standards are limited to nail joints and are rudimentary compared to those available for shear walls with wood-based panels. The 2014 edition of the design standard (CSA 2014) was the first edition to introduce provisions related to slip of nail fasteners when GWB panels are used. The standard stipulates that the joint deformation can be taken as 0.76 mm. This provision was adopted from the American design standard (NDS 2012), however it has obvious limitations, as the value of the displacement is constant and independent of the joint configuration and the load level. This constant value for the fastener slip component of the shear wall deflection equation, results in a linear response and an non conservative approach to determining stiffness at relatively higher loads. Furthermore, there is currently no suitably calibrated model for the GWB sheathed shear walls that are fastened with screws; the most common fastener type for such joints. The current study aims to develop a specific design expression to describe the initial stiffness of GWB-to-wood joints using nail or screw fasteners. The expression could be used by designers to, for example, estimate the deflection of light frame shear walls, where GWB is used as part of the lateral load resisting system. When future considerations to include joint slip in design of connections, the current work can be used for wood members with GWB as side plate.
The load-deflection response of laterally loaded nail joints is non-linear and efforts have been made to provide a model capable of describing this behaviour (Mack 1966; Foschi 1974; Foschi 1977; McLain 1975; William and McCutcheon 1985; Wang 2009 ). The exponential model was developed as part of a study by Foschi (1974) and it was further compared to typical connection D r a f t 6 in a later research study (Foschi 1977) . The advantage of this model is that it utilizes material characteristics as equation inputs as opposed to arbitrary curve fitting parameters. A downside is the relative complexity of the model, since obtaining the displacement is an iterative process.
The models developed by McLain (1975) and Wang (2009) both utilize the asymptotic model.
The asymptotic model was chosen in the study by Wang (2009) because the shape fits the loaddeflection behavior well near the ultimate load. The author placed great importance on this characteristic since the goal was to improve on the existing models, which did not properly predict deflection near ultimate load. It is noteworthy to mention that all the aforementioned models were developed for joints with wood based sheathing and connected to lumber framing using nails. The power model is adopted by several codes and used in design because of its relative simplicity, while being accurate at low and moderate load levels. McCutcheon (1985) stated that this model results in a sufficient description of the slip response because the behaviour of the shear walls up to design load levels is of primary concern and therefore attempting to predict deflections ultimate strength is less important. Model inputs could be obtained through experimental lateral joint tests. Joint level load-deflection equations were obtained based on curve fitting of the experimental data (McCutcheon 1985) . Equations for GWB and plywood sheathed joints were developed, however these were only applicable to nails joints. Furthermore, the use of the models were limited to material used in the testing project and could therefore not be generalized.
All of the present model types are viable options and have been proven to be effective for predicting the load-deflection response of a laterally loaded lumber joint. These models are the power model (NDS 2012; CSA, 2014, William and McCutcheon 1985) , the exponential model 
Where x (mm) is the fastener slip, y is the applied load on the individual fastener (N), A and B are constants used for the power model curve fitting, C, D and E are constants used for asymptotic model curve fitting, k o is the initial tangent stiffness, k 1 is the final tangent stiffness and p 1 is the intercept of k 1 on the load axis.
Although all three models (exponential, asymptotic and power models) were evaluated as part of the current research study to develop the GWB slip model, the power model was selected as the most suitable option. This is mainly due to its simplicity while remaining as accurate as the other models, in addition to its consistency with current models in the timber design standards (NDS 2012; CSA 2014 ). The exponential model was deemed too complex for a design standard equations since it is an iterative process to determine the fastener slip at a given load. The asymptotic model was also deemed less desirable as a design standard equation model due to its relative complexity compared to the power model and its tendency to underestimate the deflection for the tested GWB sheathed joints. More details on all three slip models can be found in (Lafontaine 2015) .
The overarching objective of the current research is to improve the existing nail joint model and to develop a model to estimate the stiffness characteristics of GWB-to-lumber framing screw joints for the purpose of better understanding the behaviour of GWB sheathed shear walls used in light-frame wood structures.
The scope of this paper is limited to products representative of those deemed acceptable by regulatory authorities in Canada or the USA and are therefore manufactured in accordance with recognized standards. It should be noted that some products are manufactured or imported and used in construction, however they may not adhere to recognized North American standards as stated in this section, and are therefore outside the scope of the current study. Type-X GWB panels with a thickness of 5/8" (15.9mm) and conforming to ASTM C1396/C1396M (ASTM 2013b) were used in this study. "Regular" GWB was also considered to represent construction details found in light frame wood structures conforming to prescriptive design provisions (NRC 2015; IBC 2009 ) since the type-X panels are not commonly used for this type of application.
"Regular" GWB here refers to any GWB panel that is sold as finishing material that does not carry the Type-X designation, yet conforms to ASTM 1396 (ASTM 2013a). The "regular" GWB used in the study had a thickness of 1/2" (12.7mm). The selection of thickness for each GWB type was based on their commercial material availability. Both light-and normal-weight type-X panels, with weights per unit area of 9.3 kg/m 2 and 11 kg/m 2 , respectively, were considered. The "regular" type panels had a weight per unit area of 6.7 kg/m 2 .
The lumber material consisted of 2in x 6in (38x140mm) No. 2 grade Spruce-Pine-Fir (S-P-F).
The full size lumber members were first sorted based on their specific gravity into "high" and "low" density groups with respective average oven dry specific gravity of 0.42 (COV: 5.6%) and 0.34 (COV: 6.9% Screws used in this study were #6, #8 and #10 type W screws with a coarse thread shaft and a pointed end with a number 2 bugle head. All tested screws were manufactured according to the ASTM C1002 requirements (ASTM 2013b). In this paper the manufacturers are only assigned designations such as "manufacturer A", since the purpose of the study is to show trends and account for variability in the manufacturing process, which can be done without the need to identify the manufacturer.
Using nails as fasteners for gypsum wallboard application is not as common as screws, however, they are part of the study since GWB nails still have some limited use in practice, and they are the only type of connectors available for GWB joints in the timber design standard (CSA O86 2014). The standard nail for GWB application has a large flat head, a ringed shaft and a long diamond point to reduce cracking in the sheathing (ASTM 2009). Bending tests were performed on the fasteners to determine their yield strength. The average bending strength of 645 MPa, 750
MPa and 585 MPa was found for No.6 screws, No.8 screws and 12.5 gauge nails, respectively.
Experimental setup
Experimental investigation of the GWB-to-lumber joint behaviour in isolation as well as part of the shear wall was undertaken. A total of 270 joint level tests were conducted including the investigation of three GWB manufacturers, two GWB types, two GWB thicknesses, three nail manufacturers, four screw manufacturers, three screw sizes and two wood density ranges. Each configuration was replicated 10 times. The number of replicates was based on requirements in ASTM D2915 (ASTM 2010) and was also consistent with previous similar study (e.g. Wang
2009
). The test matrix for the joint level tests can be seen in Table 1 .
The test specimens consisted of two 8in (203 mm) long, 2in by 6in (38mm x 140mm) wood pieces with GWB sheathing fastened with screws or nails on both sides. Figure 1 shows a schematic of a typical joint level test specimen. One of the lumber pieces contained the test joint while the other was considered to be the dummy end. The fasteners were placed 2in (50.8 mm)
from the end of the sheathing, to ensure that shearing end distance failure did not occur. The GWB sheathing was cut into 4in (101.6 mm) wide and 10.5in (266.7 mm) long sections. The dummy end had three screws placed on each side to reduce the slip at that end during testing. It is important to note that the joint displacement was measured between the GWB panel and the lumber piece at the test end, as shown in Figure 2 . This means that even if some slip did take place at the dummy end, it would not affect the result at the test end. The fasteners were driven into the lumber according to the method presented in ASTM D1761 (ASTM 2012) . The nails at the test end were driven using a standard hammer and the screws were fastened using a screw driver. Both fastener types were driven in such a way that the head was flush with the GWB sheathing and perpendicular to the fastening surface. The joint tests were first performed using a monotonic displacement protocol to obtain the maximum displacement, which formed the basis to develop the reversed cyclic loading protocol, in accordance with ASTM E2126 (ASTM 2011).
A total of five 8ft x 8ft (2440x2440 mm) wall configurations were constructed with stud grade Spruce-Pine-Fir (SPF) 2x4" (38x89mm) sheathed with 5/8" (15.9 mm) type-X GWB as a wall panel and tested as part of the current research study to validate the developed joint model. The GWB panels were fastened to the wall framing members with either 12.5 gauge nails or #6
screws. All material used in the construction of the full-scale wall specimens were a subset of the material used in the joint level tests. The studs were connected to the top and bottom plates using two 3.5" 16d smooth shank common nails. Commercially available Simpson Strong-Tie D r a f t
proprietary products (HD3B) were used as hold-downs at each end of the walls. A picture of the test setup is shown in Figure 3 . One wall fastened with nails and another fastened with screws were subjected to monotonic test protocol to obtain the maximum wall displacement. The maximum displacement is then used as part of the ISO 16670 (ASTM 2011) reversed cyclic displacement protocol to test the rest of the walls. More details, including observations on the failure modes of the GWB sheathed full-scale walls can be found in (Lafontaine,2015) .
The parameters studied during the shear walls testing were fastener type, and fastener spacing at panel edges. The fasteners' end and edge distance met the minimum spacing requirement of 9 mm (3/8"), in accordance with the design standard (CSA 2014). Wall-1 and Wall-2 specimens were tested using the monotonic loading protocol in order to obtain the necessary deflection data to perform the reversed cyclic loading protocol. Wall-5 fastener spacing at panel edges is below the recommended 100 mm spacing by the Canadian design standard (CSA 2014). The spacing was selected in order to determine the effects of attempting to achieve a higher capacity shear wall. Table 2 lists the wall test matrix.
EXPERIMENTAL RESULTS AND DISCUSSION

Selection of test protocol
Several studies in the literature have found that the test protocol (monotonic vs. cyclic) has little effect on the behavior of nail or screw joints in light frame wood shear walls where the sheathing consisted of OSB or plywood panels (e.g. Olivia ( the full scale tests it can be observed that the test protocol seems to have a significant effect on the load-displacement response of the specimen. The initial responses are fairly similar but once peak load is approached, the two responses significantly differ, with the monotonic loading regime yielding higher ultimate strength and higher ductility. Since the cyclic protocol is more representative of seismic loading it was deemed more appropriate to use the cyclic test protocol for all subsequent tests. Whether the results can are applicable in the case of wind loading especially at higher levels of loads may require additional research.
Observed behavior of the joint level tests
From the joint level tests it was observed that the factors contributing to the fastener slip consisted of crushing in the GWB panel, crushing in the wood member (to a much lesser degree), and yielding of the steel connector. The load-deflection behaviour of all tested joints was consistent and involved the characteristic pinching behavior, strength and stiffness degradation.
A typical load-displacement curve is shown in Figure 5 for joint JS-5 (the results from the 7 th replicate joint test is shown).
The load-displacement curves for the envelope curves of the ten replicates of the joint level hysteresis are shown in Figure 6 for joint test JS-5. The figure shows reasonable consistency in the results and reflects the variability found in the material used. An average curve for each joint specimen is then used to obtain the backbone curves using the ASTM E2126 standard (ASTM The EEEP analysis parameters were evaluated for each set of tests in order to determine which parameters affected the joint response sufficiently enough to consider them as same or different groups. The tests were grouped based on similar sheathing and fastener type and size, as shown in Table 4 . The results for the groups chosen were subjected to a t-test analysis. The t-test compares the mean value and variance of all data sets, using the confidence level of 95%. The results of the analysis confirmed that the parameters which affect the load-deflection response are: fastener size, fastener type, GWB weight per unit area and GWB type. These parameters are ( 6) where, ݁ is the fastener deformation (mm), ߛ ீௐ is the weight per area (kg/m 2 ) of the Type-X GWB, ݀ ௦ is the diameter of screw (mm), and ‫ݒ‬ is the load per fastener (N).
Since only one nail diameter was available for testing, Equation 6 is not a function of the fastener diameter. The current database could be augmented in the future and the expression could be improved if tests of other nail diameters are conducted. This has been identified as a potential future work item.
Validation of developed fastener slip models using full scale Shear wall tests
The response of full-scale shear wall tests was used to validate the accuracy of the fastener slip models. The full scale shear wall specimens were constructed using the same materials and specifications at the joint level. Equation (1) is used to obtain the static deflection at the top of the shear wall segment with wood-based panels used as sheathing (CSA 2014) .
The fastener slip equations derived from the joint specimen tests for GWB were used to replace the e n value in Equation 1. The goal is to investigate whether including the slip model developed in this study into the deflection equation would yield reasonable results in predicting the wall deflection.
The following input parameters in Equation 1 were the same for all tested full scale shear walls: -Shear wall height (H s ) is 2440 mm -An average shear-through-rigidity (B v ) was found to be 8958 N/mm. ‫ܤ‬ ௩ was obtained from tests following the ASTM D2719 (ASTM 2013c). The modulus of rigidity was obtained by testing the sheathing. The product of the modulus of rigidity and the thickness of the sheathing is the B v value.
-An average modulus of elasticity of the studs (E) was found to be 9000 MPa -The cross-section area of the end studs (A) is 3382 mm 2 ,
-The length of the shear wall (L w ) is 2440 mm -And finally the elongation of the anchorage (∆ a ) was assumed to be 0.445x10 -3 mm/N.
The value for the anchorage elongation was calculated using proprietary engineering data obtained from the manufacturer.
The differences between the configurations are the fastener type and spacing at panel edges.
Walls 3 and 4 consisted of 150 mm panel edge spacing, while the fastener spacing for Wall 5 was 50 mm. The Wall 5 is constructed using a spacing of 50 mm in order to determine the potential failure modes of a closer fastener spacing while attempting to achieve a substantially higher capacity. Walls 3 and 5 consisted of #6 screws, while the fastener used in Wall 4 was 12.5 gauge nails.
The following comparisons are made using the same shear wall deflection equation proposed by the CSA-O86 but utilizing equations 5 and 6, which both take into account the material variability inherent to the different manufacturers. Figure 7 a-c presents the load-deflection predictions compared to test data obtained from the shear wall tests for walls 3, 4 and 5, respectively.
It can be seen from Figures 7a and 7b that the predictive models seem to be able to replicate the wall behaviour with reasonable accuracy until peak load. From a design point of view the fit may even be considered to be better. A design level load would be approximately 50% of the actual peak strength obtained from the test (e.g. wall-3 and Wall-4, the calculated design capacity is 5 kN, compared to ultimate capacity of approx. 11kN and 8 kN respectively) and as such loads between zero and design level (50% of peak load), the fit can be considered to be adequate. The 
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Although outside the scope of the this paper, it should be noted that the applicability of using the joint level capacity to predict the capacity of the full-scale shear wall was demonstrated by comparing the peak load of the shear wall to the peak load obtained from the joint level capacity multiplied by the number of fasteners at the edge of the shear wall. The results showed a good agreement between the test and calculated values. Excluding the Wall-5 configuration, the average error was 4.5% with a maximum error of 13.2%. For the Wall-5 configuration, which had a fastener spacing of 50 mm at the panel edges and a brittle failure mode, as expected a large difference between the predicted and test values was found. This further emphasizes the need to limit the fastener spacing or to take the reduced capacity into account if such an approach is implemented in the design standard.
CONCLUSIONS
As part of this study, 270 GWB sheathed joints and five wall tests were undertaken to develop fastener slip equations for GWB sheathed joints fastened with either nails or screws. The slip models were validated using full-scale GWB sheathed shear walls. The conclusions from this study are as follows:
1) The construction parameters which affect the load-deflection response of GWB sheathed joints were identified as GWB density, fastener size, and fastener type.
2) The power model was found to be a suitable to describe the fastener slip behaviour. A combination of accuracy and simplicity is obtained with the power model equation, which is suitable to develop design equations.
3) The GWB sheathed shear wall deflection could be calculated using the timber design standard deflection equation when the fastener slip component is replaced by the appropriate model proposed in the current study. Wall-5 Average en Equation (Screws)
